Range limits of temperate high-altitude plants may be controlled by tradeoffs between physically severe but uncrowded conditions, versus mild but crowded conditions. Because up-slope migration of lowland species may accompany global warming and earlier snowmelt, I tested whether crowding by neighbors vs. timing of snowmelt limit Potentilla diversifolia to later-melting sites in the Rocky Mountains (U.S.A.). I transplanted individuals from two altitudes to experimental plots within and below the species' range limit, and experimentally altered snowmelt timing and the density of neighboring vegetation. In contrast to theoretical predictions for biotic control of lower range limits, higher temperatures and drier soils contributed to markedly reduced survivorship and reproduction below the native-range regardless of treatment. Neighbor removal only marginally increased performance both within and below the native-range, suggesting that interactions with neighboring vegetation are much less important for distribution than abiotic factors. Populations from the subalpine zone had longer growth intervals and grew larger than those from the alpine tundra in their native sites, but did not outperform alpine tundra populations when grown below the species' range. Although earlier snowmelt enhances growth, phenotypic plasticity may enable P. diversifolia to persist in latermelting tundra sites while higher temperatures and drought restrict it from much of the subalpine zone.
Introduction
One of the central objectives of plant population ecologists is the explanation of species' range limits. The classical literature asserts that abiotic factors control species' distributions toward more stressful ends of environmental gradients, while increasing biotic pressures control distribution as abiotic conditions become milder (Connell, 1961; Holderidge, 1967; MacArthur, 1972) . In vascular plant species, upper altitudinal and latitudinal range limits are typically attributed to density-independent mortality caused by abiotic factors such as low temperature and short growing seasons, whereas lower range limits are generally ascribed to biotic constraints such as competition, herbivory, and disease (e.g., Dahl, 1951; Daubenmire, 1954; Billings and Bliss, 1959; Tranquillini, 1964; Woodward and Williams, 1987; Hoffman and Blows, 1994; Heegaard, 2002) . A common explanation for this prediction is that adaptations to harsh abiotic environmental conditions will result in more conservative resource use and subsequently lower competitiveness (Grace, 1987) , leading to tradeoffs between stress tolerance and competitive ability of a species (Grime, 1979) .
Very few empirical studies have tested the relative roles of biotic and abiotic factors on high-altitude plant distribution. In temperate mountains, two major factors that differ widely along altitudinal gradients are the timing of snowmelt and density of vegetation cover. Altitudinal zonation of alpine and subalpine plant species is frequently explained by the idea that there are inherent tradeoffs between persisting in the relatively warm, sheltered, and crowded environments of the subalpine zone, versus the physically severe, open habitat of the alpine tundra (Dahl, 1951; Box, 1995; Pauli et al., 1999; Heegaard, 2002) . Subalpine habitats are typically earlier-melting than alpine sites, although steep slopes and wind exposure can result in earlier snowmelt in many alpine sites. Microtopographical variation also lends to local heterogeneity in species distributions, timing of snowmelt, vegetation density, nutrient availability, soil moisture, and edaphic properties within the alpine and subalpine zones (Billings and Bliss, 1959; Walker et al., 1993; Stanton et al., 1994) . Nevertheless, snowmelt timing, vegetation cover, and species' distributions are commonly correlated along altitudinal and local snowmelt gradients (see Billings and Bliss, 1959; Walker et al., 1993; Körner, 1999) . Vegetation density generally declines with increasing elevation (Kudo and Ito, 1992; Heegaard, 2002) , and many studies have confirmed early classical demonstrations of inter-and intraspecific declines in growth rates and plant size from low to high altitude (e.g., Körner, 1999) . Although strong correlations suggest causal links between snowmelt timing, vegetation cover, and distribution, direct tests are needed to identify which factors are most important in maintaining subalpine and alpine plant species' range limits. Moreover, although ecotypic variation across altitudes is common (Turesson, 1922; Clausen et al., 1948; Gurevitch, 1992; Stanton et al., 1997) , few studies account for potential differences in the relative response of populations at high and low altitudes to biotic and abiotic factors (Galen, 1990) . Because anthropogenically altered temperature and precipitation are expected to affect the distribution and performance of high-altitude plants (Grabherr et al., 1994; Körner, 1999; Walker et al., 1999) , species and population-level studies that experimentally decouple biotic and abiotic factors related to early and late snowmelt can be useful for predicting potential migrations, range expansion, or local extinctions in response to global climatic change.
This study investigated the effects of snowmelt timing and neighbor density on the performance of a high-altitude cinquefoil, Potentilla diversifolia Lehm. (Rosaceae) in the western Rocky Mountains of Colorado, U.S.A. P. diversifolia is most abundant in moist alpine tundra habitat, though it also occurs in locally latermelting sites at the upper subalpine boundary, and occasionally in very late-melting portions of the middle and lower subalpine zone (Weber and Wittmann, 1996) . The alpine sites inhabited by P. diversifolia typically have lower vegetative cover but experience up to 30 days later snowmelt than the subalpine meadows (Stinson, 1998) . Latermelting alpine sites are also characterized by other abiotic stresses such as low temperatures and short growing seasons that can vary over remarkably short distances (e.g., Billings and Bliss, 1959; Bliss, 1985; Stanton et al., 1997) . This species' small stature, slow growth rate, and rapid reproductive phenology fit Grime's description of stresstolerance traits and are likely to be disadvantageous in more crowded, earlier-melting zones despite the potential benefit of a longer growing season (Bliss, 1962) .
In order to test the relative importance of the predominant abiotic and biotic factors in restricting P. diversifolia to later melting sites, I experimentally altered neighbor density and snowmelt timing within and below the species' current range. I predicted that higher neighbor densities, rather than earlier snowmelt, would explain the general absence of P. diversifolia from the subalpine zone. Because P. diversifolia experiences earlier snowmelt and increasing cover of neighboring vegetation in lower altitude sites, it is possible that populations at low and high altitudes demonstrate ecotypic variation in their responses to increasing levels of above-ground competition or abiotic stress (Jurjavcic et al., 2002) . Therefore, I also tested whether populations growing at lower altitudes responded differently to the transplanting, snowmelt, and neighbor removal treatments than populations originating on the alpine tundra.
Materials and Methods

ALPINE TRANSPLANT
In the first experiment, three typical alpine populations of P. diversifolia were reciprocally transplanted into their native habitat (approximately 3750 m elevation) and into a sub-alpine meadow located well below the species' natural range (approximately 2750 m) at study sites in Gunnison National Forest, western Colorado. This ''alpine transplant'' experiment focused on P. diversifolia populations in the most common habitat. In the alpine zone, this species codominates with other sparsely distributed herbaceous perennials such as Rydbergia grandiflora, Trifolium parryi, mixed graminoid species and interspersed low-lying Salix species. The subalpine meadow site sits below the species' range limit and emerges from snowmelt up to one month earlier than the alpine tundra. This mixed perennial community includes Potentilla pulcherrima, Delphinium nutallianum, Frasera speciosa, Ipomopsis aggregata, and Trifolium parryi, along with occasional shrubs and graminoids (Weber and Wittmann, 1996) .
A total of 648 adult P. diversifolia individuals with a standard rooting depth (7.5-10 cm) and early season rosette diameter (5-7.5 cm), were excavated from native sites in August 1995. Individuals were evenly divided for immediate transplanting into one of three replicate 12 m 3 9 m transplant plots below their native-range, and three similar gardens within the native-range. Thirty-six individuals from each population were randomly assigned to positions, ;50 cm apart, in each garden (3 populations 3 36 individuals ¼ 108 transplants per garden; 108 transplants 3 3 gardens 3 2 transplant locations ¼ 648 plants). Transplanting was accomplished with a small hand trowel, using care not to disturb the surrounding vegetation in the transplant gardens. Plots were marked with 4-m stakes for identification prior to snowmelt in the following growing seasons.
A snowmelt treatment and a neighbor removal treatment were implemented in the three replicate gardens at each transplant location in May-June of 1996 and 1997. Snowmelt was delayed by an average of 15-20 days on one-third of each garden, by securing reflective tarps over a randomly selected 3 m 3 12 m subsection of each plot. Another subsection of each plot was subjected to removal of neighboring plants, to mimic the low above-ground vegetation cover in typical alpine sites. The neighbor removal treatment was implemented by clipping entire above-ground parts of all plants within a 50 cm radius of each experimental individual throughout the growing season, thereby minimizing interactions with neighbors. This treatment did not alter snowmelt timing, but reduced natural plant densities equally in both the subalpine and alpine gardens. The final third of each plot was unmanipulated.
Plant performance was monitored during the growing seasons of 1996 and 1997. In both years, data from weekly censuses were used to obtain maximum leaf area (cm 2 ) and active growth interval (number of days from emergence to senescence). An estimator for leaf area was developed from the formula for area of an ellipse ¼ (0.50 rosette length 3 0.50 rosette width) regressed against a subsample of actual total plant leaf area (R 2 ¼ 0.97). Survival and reproduction were measured by counting the number of plants that had survived and/or produced any reproductive parts (buds, flowers, and fruits) by the end of the experimental period. Previous results have shown that this estimate of fecundity is highly correlated with total number of fruits, fruit biomass, and germination rate in this species (Stinson, 1998) . Treatments were subdivided into four quadrants for environmental measurements. The average date of snowmelt for each treatment per plot was derived from the dates of bare-ground appearance within each quadrant. Soil temperature and soil moisture in each quadrant were measured weekly. Soil thermometers were installed at each center point of each quadrant (four per treatment). Gravimetric soil moisture was measured weekly from three samples per quadrant. Measurements were taken at 5-15 cm depth to ensure sampling at the rooting depth.
SUBALPINE TRANSPLANT
A second experiment was simultaneously implemented to test for differences between typical alpine tundra populations and those growing near the species' lower range limit. In this ''subalpine transplant'' experiment, an additional 648 adult P. diversifolia plants were collected from three populations in the subalpine zone (approximately 3000 m elevation) in the same manner and time frame as described above. This lower altitude site consisted of a moist latemelting meadow within a matrix of early-and late-melting sites dominated by a patchwork of alpine-tundra and subalpine vegetation. Plants originating in the subalpine populations were evenly divided among randomly assigned positions in the same below-range gardens described above, and three additional gardens within the native, subalpine range. At each location, subalpine populations received the same snowmelt and neighbor removal treatments as the alpine populations. Comparisons of plant performance were made between the alpine and subalpine populations in 1997.
Statistical Analyses
Seasonal averages for leaf area and growth interval were compared using analysis of variance (JMP Software Version 4, SAS Institute, Inc., Cary, NC). The model included the fixed main effects: year, transplant location (native-range vs. below-range), treatment (unmanipulated, delayed snowmelt, and neighbor removal), and all interaction terms. The crossed effect of year 3 location 3 treatment was used as the denominator mean square in the F test for effects of treatment, year, and year 3 treatment. A repeated measures model was not used in this study because responses of individual plants were not assumed to be parallel from year to year (Sokal and Rohlf, 1995, pp. 345-346 ). Tukey's HSD post-hoc analyses were applied to significant effects when comparisons among treatments were necessary. Weekly environmental data were plotted against date. Seasonal averages for temperature and soil moisture were compared each year with a two-way analysis of variance model for the fixed effects of transplant location, treatment, and location 3 treatment. Percentage survival and reproduction were graphically compared among groups, and numbers of surviving and reproducing individuals were compared using Fisher's exact test (Sokal and Rohlf, 1995, pp. 734-736) .
In a separate set of analyses, leaf area and growth intervals of plants from the alpine transplant and subalpine transplant populations were compared. The ANOVA model included the fixed main effects: transplant location (native-range vs. below-range), source population (alpine vs. subalpine), treatment (unmanipulated, delayed snowmelt, and neighbor removal), and all interaction terms. Following classical common garden transplant designs (Turesson, 1922; Clausen et al., 1948) , populations were tested for ecotypic variation by comparing the phenotypic expression of individuals from distinct habitats grown together in a common environment. With this approach, differential performance of populations in the transplant gardens would signify genetically based differences among plants from contrasting habitats. Differences within and among populations, treatments, and transplant locations were compared with Tukey's HSD post-hoc analyses. Table 1 summarizes the annual mean snowmelt dates for each treatment in the alpine transplant experiment. In both years of the study, the delayed snowmelt treatment postponed snowmelt by 21-28 days in the below-range gardens but only by about 7-11 days in the native-range gardens due to difficulties securing the reflective tarps at the tundra sites. Figure 1 shows detailed soil moisture and temperature in the alpine transplant experiment in 1997. Mean soil moisture was 15%-30% higher in the native-range than below-range. Soil moisture was similar across treatments except for initially higher soil moisture in the delayed treatments in the native-range immediately following snowmelt (ANOVA, F loc ¼ 48.91, P , 0.001; F trt ¼ 12.13, P ¼ 0.001; F loc 3 trt ¼ 5.82, P , 0.001). Post-hoc analyses revealed that the effects of treatment and location 3 treatment on soil moisture were due entirely to the first three weeks of measurement. Mean temperatures ranged from 4-158 C lower in the native-range than below-range, but were similar among treatments in each location (ANOVA, F loc ¼ 86.21, P , 0.001; F trt ¼ 2.97, P ¼ 0.06; F loc 3 trt ¼ 0.45, P ¼ 0.77). Post-hoc analyses indicated initially lower temperatures in the delayed treatments below the native-range. In the native subalpine gardens, mean snowmelt dates were ;9-10 days earlier than the alpine native gardens in each treatment (two-year averages-unmanipulated, June 28; neighbor removal, June 28; delayed snowmelt, July 5). Temperature and soil moisture patterns did not differ in the native alpine and native subalpine gardens in either year.
Results
ENVIRONMENTAL EFFECTS OF LOCATION AND TREATMENTS
ALPINE PLANT PERFORMANCE WITHIN AND BELOW THE NATIVE-RANGE
In the alpine transplant experiment, P. diversifolia had less than 15% survival in the below-range gardens compared to 70-80% survival in the native-range regardless of treatment (Fig. 2a) . Reproduction was between 0% and 10% below-range and 10-15% in native-range (Fig. 2b) . The neighbor removal treatment had a modestly positive influence on survival (Fisher's exact test, p , 0.05) and reproduction ( p , 0.05) for the surviving plants in the below-range gardens. Fisher's exact tests demonstrated that the 1996 to 1997 decline in survival in the below-range gardens was not significant. Within the native-range gardens, survival and reproduction were similar in 1996 and 1997, and 10-20% of the surviving plants reproduced in all treatments. Survival in the native-range was reduced by 20-30% in the delayed snowmelt treatment compared to the other two treatments (Fisher's exact test, p , 0.05). Thus, delayed snowmelt decreased performance within the native-range but did not affect survival or reproduction below the species range. High mortality below the species range far outweighed marginal responses to the neighbor removal treatment. Leaf area did not differ in the alpine transplant experiment between transplant locations or between years, but there was a treatment effect and a 3-way interaction effect among location, treatment, and year on leaf area (Fig. 3a, Table 2a ). Post-hoc analyses showed that this variation was due to a 15-25 cm 2 increase in leaf area in the neighbor removal treatments within the alpine native-range gardens in 1997 (Tukey's post-hoc tests for neighbor removal versus delayed treatment, p ¼ 0.03; neighbor removal versus unmanipulated treatment, p , 0.01), but not below the species range. Leaf area was similar between years for all other treatments. Alpine populations increased the growth interval by approximately 10-15 days when transplanted below-range compared to the native-range in both years, but this response varied somewhat among treatments and years (Fig. 3b, Table 2b ). The delayed snowmelt treatments reduced the growth interval by 10-20 days in both locations and years compared to the unmanipulated treatments (Tukey's posthoc tests, p , 0.05), indicating that later snowmelt curtails the time available for active growth both within and below the species' range. The neighbor removal treatments reduced the growth interval by about 10 days compared to the unmanipulated treatment (Tukey's post-hoc tests, p , 0.05) within the native-range, but did not alter the growth interval in the below-range gardens. The resulting treatment 3 location interaction term therefore indicated significant effects of neighbor removal only within the native-range. Growth intervals were similar between years except in the unmanipulated treatment, in which growth intervals were longer in the earlier snowmelt year, 1997 ( p ,0.01). ) and (b) growth interval (number of days from emergence to senescence) in P. diversifolia. Different lowercase characters represent significant differences as follows: Tukey's post-hoc p-values for comparisons among the three treatments; Tukey's post-hoc p-values from 3-way ANOVA (Table 2) for comparisons between years.
COMPARISONS BETWEEN SUBALPINE AND ALPINE POPULATIONS
The subalpine and alpine populations demonstrated differential performance within their native-ranges, but similar performance below the species' natural range (Fig. 4, Table 3 ). Populations from the subalpine zone had ;40 cm 2 greater leaf area and ;10 days longer growth intervals than alpine tundra plants in the native, unmanipulated treatments, indicating that these lower altitude sites are favorable for growth in this species. Subalpine populations also had ;25-30 cm 2 greater leaf area and ;3-6 days longer growth intervals in the other two treatments within the native-range but did not differ in size from alpine populations below the species' range. Alpine populations demonstrated a somewhat greater increase in growth intervals below the species' range limit than subalpine populations in most of the treatments. A significant location 3 population effect in the analysis of variance was attributable to greater leaf area and longer growth intervals in subalpine vs. alpine populations. However, leaf area was reduced and the growth interval was generally longer for both populations below the species' range than within the native-range, regardless of the source habitat. Thus, subalpine populations grew larger and for a longer period of time than alpine populations within their native sites, but both populations demonstrated plastic responses to the immediate environment and there was no evidence that loweraltitude populations were better adapted to below-range conditions than the alpine populations.
Discussion
Based on theoretical expectations that biotic factors control the lower altitudinal limits of alpine plants (Dahl, 1951; Daubenmire, 1954; Billings and Bliss, 1959; Tranquillini, 1964; Hoffman and Blows, 1994) , I predicted that neighbor removal rather than delayed snowmelt timing would enhance the performance of the alpine/high subalpine plant, P. diversifolia when transplanted below its normal range. However, this species' low survival in all treatments within the below-range gardens suggests instead that factors other than snowmelt timing or neighbor density directly affect survival at lower altitudes. Since neither treatment consistently altered environmental conditions within the experimental gardens, it is likely that low soil moisture and higher temperatures differences were the critical factors contributing to mortality below the species' natural range. While modest effects of neighbor removal on survival and reproduction in the below-range gardens suggest that vegetation cover may interact with temperature and soil moisture within a given microsite, the results argue that abiotic factors are much better predictors of lower distribution limits in this species than biotic interactions with neighbors. Recent experimental studies report that competition at low elevations restricts higher altitude species from lower altitudes (Choler et al., 2001; Heegaard, 2002) . However, similar work in a high-latitude system demonstrated that abiotic conditions rather than biotic interactions were most important for determining tussock tundra species distributions (Hobbie et al., 1999) . This paper contrasts with earlier generalizations that biotic factors set lower range limits in high-altitude plants, and lends additional empirical evidence to the prediction that temperature is a primary factor controlling upper and lower altitudinal range limits (Dahl, 1951; Grabherr et al., 1994; Pauli et al., 1999) .
As shown for a number of other alpine plants, P. diversifolia's high mortality below the species' range is likely to reflect physiological constraints on growth in warmer, drier microsites (Osmond et al., 1987; Stenstrom et al., 1997; Arft et al., 1999; Galen and Stanton, 1999; Walker et al., 1999; Bruelheide and Lieberum, 2001; Weih and Karlsson, 2002) . In addition, accelerated developmental and reproductive cycles in this species have been shown to be adaptive in short growing seasons (Stinson, 1998) , but may involve metabolic costs and water loss in warmer and drier conditions (Galen and Stanton, 1991) . Indirect effects of other factors on growth and fecundity may also be important for the observed responses of P. diversifolia to experimental treatments. Although clipping vegetation probably reduced both root and shoot activity, the neighbor removal treatment may have had different and undetectable effects on belowground interactions. Above-ground cover is notably lower in P. diversifolia's alpine habitat than in the subalpine zone but it is possible that below-ground competition is important for both alpine and subalpine flora (Griggs, 1956; Theodose and Bowman, 1997) . In addition, shading and/or sheltering effects of vegetation, and differences in community and soil albedo may have affected temperature as well as other, less obvious microclimatic variables not measured here (Bowman and Turner, 1993; Gottfried et al., 1998; Arft et al., 1999; Callaway et al., 2002) .
Although abiotic factors are clearly important for this species, P. diversifolia did not demonstrate the commonly noted affinity of alpine species for late-melting sites per se (e.g., Scherff et al., 1994) . Within the native-range, delayed snowmelt reduced survival and shortened P. diversifolia's growth interval, suggesting instead that locally earlymelting sites, when combined with sufficient soil moisture and cooler temperatures, are more favorable. Many other high-altitude species respond to longer growing seasons by extending the growth interval at earlier-melting portions of natural snowmelt gradients or in early snowmelt years, resulting in higher fecundity and/or survival in locally early-melting sites (see Körner, 1999) . It is therefore not surprising that populations from lower altitudes demonstrated greater size and longer growth intervals than those from higher altitudes within the nativerange. However, while ecotypic variation across altitudes is very well documented (Turesson, 1922; Clausen et al., 1948; Gurevitch, 1992; Stanton et al., 1997) , there was no evidence that different factors control P. diversifolia's distribution in different parts of its range. When transplanted below the native-range, the subalpine and alpine populations both expressed reduced leaf area despite an extended growth interval, irrespective of neighbor density or snowmelt treatments. Thus, both traits appear to be plastic in this species, exemplifying the ability to persist at smaller size on the alpine tundra and to elongate growing periods in earlier-melting sites. Such ''tolerance plasticity'' has been cited as a potential mechanism for broad distribution of other plants in suboptimal habitats (Jurjavcic et al., 2002) . Although elongation of the growth interval was not accompanied by increased size below the native-range, plasticity in this trait may be adaptive in locally earlier-melting sites within the nativerange (Stinson, 2004) . In conclusion, this study supports the general prediction that global changes in precipitation and temperature that affect snowmelt patterns will alter plant species' distributions at high elevations (Grabherr et al., 1994; Houghton et al., 1996; Körner, 1999; Walker et al., 1999) , but does not support the hypothesis that interference with subalpine vegetation will restrict the alpine plant P. diversifolia from lower altitudes. Clearly, neighbor density and snowmelt timing were both less important for setting lower altitudinal limits than the direct effects of other subalpine microsite factors on survival. While experimental manipulations of snowmelt timing are not always realistic proxies for climate change in high-altitude regions (Galen and Stanton, 1993; Pauli et al., 1999; Price and Waser, 2000) , the present study offers empirical evidence that abiotic factors currently restrict P. diversifolia to cooler and wetter sites. Therefore, the predicted encroachment of the subalpine flora (Holten, 1993; Emmanuel et al., 1995) is less likely to displace this species than the overwhelmingly negative effects of abiotic controls on its distribution. P. diversifolia's performance within its native habitat further supports the idea that changes in the snowmelt regime can result in transient positive responses, followed by reduced growth and species loss Walker et al., 1999) . Because this species currently performs better in the earlier-melting parts of its range, it may undergo initial, positive responses to earlier snowmelt prior to drought and/or temperature induced mortality. In addition, reduced precipitation is likely to mitigate the benefits of earlier snowmelt to high-altitude plants, thereby slowing the predicted up-slope migration of both subalpine and alpine species (Pauli et al., 1999; Price and Waser, 2000) . Whether or not subalpine vegetation advances upslope, higher temperatures and/or droughts accompanying advanced snowmelt may lead to range retraction in P. diversifolia as suitable alpine habitat recedes. 
